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Abstract

Aim: To investigate whether modifications of prostate-specific membrane antigen
(PSMA)-targeted radiolabeled urea-based inhibitors could reduce salivary gland
uptake and thus improve tumor-to-salivary gland ratios, several analogs of a high
affinity PSMA ligand were synthesized and evaluated in in vitro and in vivo studies.

Methods: Binding motifs were synthesized ‘on-resin’ or, when not practicable, in
solution. Peptide chain elongations were performed according to optimized standard
protocols via solid-phase peptide synthesis. In vitro experiments were performed
using PSMA+ LNCaP cells. In vivo studies as well as μSPECT/CT scans were conducted
with male LNCaP tumor xenograft-bearing CB17-SCID mice.

Results: PSMA ligands with A) modifications within the central Zn2+-binding unit, B)
proinhibitor motifs and C) substituents & bioisosteres of the P1′-γ-carboxylic acid
were synthesized and evaluated. Modifications within the central Zn2+-binding unit
of PSMA-10 (Glu-urea-Glu) provided three compounds. Thereof, only natLu-carbamate
I (natLu-3) exhibited high affinity (IC50 = 7.1 ± 0.7 nM), but low tumor uptake (5.31 ±
0.94% ID/g, 1 h p.i. and 1.20 ± 0.55% ID/g, 24 h p.i.). All proinhibitor motif-based
ligands (three in total) exhibited low binding affinities (> 1 μM), no notable
internalization and very low tumor uptake (< 0.50% ID/g). In addition, four
compounds with P1′-ɣ-carboxylate substituents were developed and evaluated.
Thereof, only tetrazole derivative natLu-11 revealed high affinity (IC50 = 16.4 ± 3.8 nM),
but also this inhibitor showed low tumor uptake (3.40 ± 0.63% ID/g, 1 h p.i. and
0.68 ± 0.16% ID/g, 24 h p.i.). Salivary gland uptake in mice remained at an equally low
level for all compounds (between 0.02 ± 0.00% ID/g and 0.09 ± 0.03% ID/g),
wherefore apparent tumor-to-submandibular gland and tumor-to-parotid gland
ratios for the modified peptides were distinctly lower (factor 8–45) than for [177Lu]Lu-
PSMA-10 at 24 h p.i.
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Conclusions: The investigated compounds could not compete with the in vivo
characteristics of the EuE-based PSMA inhibitor [177Lu]Lu-PSMA-10. Although two
derivatives (3 and 11) were found to exhibit high affinities towards LNCaP cells,
tumor uptake at 24 h p.i. was considerably low, while uptake in salivary glands
remained unaffected. Optimization of the established animal model should be
envisaged to enable a clear identification of PSMA-targeting radioligands with
improved tumor-to-salivary gland ratios in future studies.
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Background
For imaging of prostate cancer (PCa) lesions, a variety of small molecule-based

prostate-specific membrane antigen (PSMA) ligands have been or are currently investi-

gated in clinical trials (Cimadamore et al. 2018; https://clinicaltrials.gov/ct2/results?-

cond=Prostate+Cancer&term=PSMA&cntry=&state=&city=&dist= 2020). Labeled with
18F, 68Ga, 99mTc or 123I these compounds show high potential for visualization of pri-

mary tumors and metastases (Rowe et al. 2015; Giesel et al. 2018; Afshar-Oromieh

et al. 2015; Weineisen et al. 2015; Vallabhajosula et al. 2014; Barrett et al. 2013). Add-

itionally, 64Cu- or 44Sc-labeled PSMA ligands have proved their usefulness for pro-

longed acquisition periods, as required for pre-therapeutic dosimetry or intraoperative

applications as well as for images with higher spatial resolution (Zhou et al. 2019;

Eppard et al. 2017). Transfer of this targeted concept to radioligand therapy (RLT) of

metastatic castration-resistant prostate cancer (mCRPC) by means of β−-emitting li-

gands, such as [177Lu]Lu-PSMA-I&T (Weineisen et al. 2015) and 177Lu-PSMA-617

(Benesova et al. 2015), already resulted in highly promising clinical studies (Rahbar

et al. 2017). [177Lu]Lu-PSMA-617 is currently evaluated in a Phase III study (https://

clinicaltrials.gov/ct2/show/NCT03511664?term=PSMA&cond=Prostate+Cancer&-

phase=2&draw=5&rank=2 2020) and moreover, PSMA-targeted α-therapy was intro-

duced as a further salvage therapy of end-stage mCRPC (Chakravarty et al. 2018). The

first application of 225Ac-labeled PSMA-617 in humans was reported in 2016 by Kra-

tochwil et al. (Kratochwil et al. 2016a).

In particular, radiolabeled small molecule PSMA inhibitors, based on the L-Glu-urea-

X binding motif have been shown to exhibit noticeable uptake in kidneys (proximal tu-

bules), lacrimal and salivary glands (Zechmann et al. 2014; Kratochwil et al. 2016b;

Klein Nulent et al. 2018; Oh et al. 2019). Elevated activity accumulation in these organs

can be partially assigned to endogenous PSMA expression, but also to a non-PSMA-

related uptake mechanism, as PSMA expression was assumed to be present to a consid-

erable lower extent than on the surface of PCa (Ghosh and Heston 2004; Rupp et al.

2019). Thus, beside kidneys, the lacrimal and salivary glands have been identified as

critical organs (Tönnesmann et al. 2019; Kratochwil et al. 2017). In this context it has

become apparent, that 177Lu-labeled low molecular weight PSMA inhibitors can cause

xerostomia (Kratochwil et al. 2017; Kratochwil et al. 2018), which can affect patients’

quality of life and was found to be partially irreversible when α-emitter-labeled (225Ac)

compounds were administered (Rupp et al. 2019; Kratochwil et al. 2018; van Kalmthout

et al. 2019). Hence, for the future optimization of PSMA-targeted radioligand therapies,
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the development of strategies to design improved small molecule-based PSMA ligands

with reduced salivary gland uptake is of high priority.

This working hypothesis presupposes a specific uptake of the aforementioned PSMA

inhibitors in salivary glands, although not necessarily PSMA-specific. Whereas PSMA

protein and mRNA expression in salivary glands was confirmed by Western blot and

genetic analyses (Troyer et al. 1995; Israeli et al. 1994; O'Keefe et al. 2004), the high ac-

cumulation of radiolabeled small molecule-based ligands (e.g. [177Lu]Lu-PSMA-617

and [68Ga]Ga-PSMA-11) did not correlate with the rather low PSMA expression

density detected by immunohistochemistry and in patients, treated with the radiolabeled

antibody [177Lu]Lu-J591 (Rupp et al. 2019; Horoszewicz et al. 1987; Lopes et al. 1990;

Bander et al. 2005). Indeed, unwanted non-target tissue uptake in salivary glands is

markedly reduced using radiolabeled antibodies. Anyhow, therapeutic concepts using

PSMA targeting antibodies are affected by slow diffusion into solid lesions and

myelotoxicity due to longer blood circulation (Bander et al. 2005; Maurer et al. 2016;

Tagawa et al. 2013).

Based on the fact that administration of monosodium glutamate in mice prior to

[68Ga]Ga-PSMA-11 markedly reduced activity uptake in salivary glands whilst main-

taining high tumor uptake, non-PSMA specific interactions such as small molecule/

anion/glutamate transporter mechanisms may be conceivable (Rousseau et al. 2018).

However, the detailed mechanism of uptake into salivary and lacrimal glands and the

respective target structure has not been elucidated so far (Rupp et al. 2019; Rousseau

et al. 2018).

This lack of knowledge led to various different approaches towards the reduction of

radioactivity uptake into the salivary glands and thus corresponding unwanted side ef-

fects during radioligand therapy. After reduction of stimulus conduction by injection of

botulinum toxin, a significant decrease of the SUVmean (up to 64%) in the right

parotid gland compared to the left (control) was observed (Baum et al. 2018). In

contrast, external cooling with ice packs to decrease the overall blood perfusion showed

no effect on ligand uptake and xerostomia when 177Lu-labeled peptides were used (van

Kalmthout et al. 2018; Rathke et al. 2019; Yilmaz et al. 2019). Furthermore, excretion

stimulus via vitamin C was investigated, but did not lead to any measurable uptake

reduction of [68Ga]Ga-PSMA-11 (Afshar-Oromieh et al. 2015). Sialendoscopy with

dilatation, saline irrigation and steroid injection (prednisolone) after targeted α-therapy

([225Ac]Ac-PSMA-617) showed beneficial effects on salivary gland function preserva-

tion and for patients‘ quality of life (Rathke et al. 2019). However, not all radiation

induced damages on the parenchyma could be avoided, as macroscopic findings during

sialendoscopy revealed endothelial avascularity with the presence of stenosis (Rathke

et al. 2019). All in all, those efforts did not show the desired efficacy.

With the aim to investigate whether modifications at the urea-based inhibitor unit

could reduce the non-PSMA-specific or perhaps ‘transporter-mediated’ uptake

(Kratochwil et al. 2017; Rousseau et al. 2018) of PSMA-binding ligands into salivary

glands, three structural alterations were investigated and evaluated (Fig. 1):

A) Modifications within the central Zn2+-binding unit

B) Proinhibitor motifs

C) PSMA-binding motifs with substituents & bioisosteres of the P1’-γ-carboxylic acid
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Rationales for implemented inhibitor modifications

Modifications within the central Zn2+-binding unit

The C-terminal glutamate represents a common feature of both phosphoramidate-

and urea-based PSMA ligands. However, the absorbed dose in salivary glands of

PCa patients could be decreased by a factor of ~ 4 via administering a

phosphoramidate-based PET agent compared to the urea-based radiotracer

[68Ga]Ga-PSMA-I&T (Behr et al. 2019; Herrmann et al. 2015). Therefore, inhibitors

containing modifications within the Zn2+-binding unit were synthesized, assuming

that fragments of the Zn2+-binding group might serve as potential recognition sites

for small molecule/anion/glutamate transporter systems or other transporter-

independent uptake mechanisms.

Based on the results of Rousseau et al. (Rousseau et al. 2018), the C-terminal glu-

tamate of PSMA ligands was presumed to cause for unwanted uptake into salivary

glands. In currently used EuE- and KuE-based PSMA inhibitors, this structural fea-

ture is set as an essential part for proper ligand binding. However, at the same

time it represents the fragment which is most similar to monosodium glutamate,

by which activity accumulation could be markedly reduced in salivary glands in

mice if administered 15 min prior to [68Ga]Ga-PSMA-11. Therefore, masking of this

ligand-inherent glutamate was tried to realize by proinhibitors (reversible masking) and

PSMA ligands with substituents & bioisosteres of the P1’-γ-carboxylic acid (irreversible

masking).

Fig. 1 Schematic representation of PSMA inhibitors containing (a) modifications within the central Zn2+-
binding unit (b) proinhibitor motifs (expected cleavage sites are indicated as red dotted lines) and (c)
substituents & bioisosteres of the P1’-γ-carboxylic acid. All compounds were derived from the EuE-based
ligand PSMA-10 (1) (d) which served as a reference for all obtained in vitro and in vivo data. e The
reference ligand for IC50 determinations was ([125I]I-BA)KuE
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Proinhibitors

Prodrug approaches for targeted delivery of cytotoxic agents to PCa lesions have been

recently published and were further evaluated in an open label dose-escalation trial

(NCT01056029) (Denmeade et al. 2012; Ristau et al. 2014). Hence, this prodrug

principle was considered as a reasonable option for reducing non-target tissue uptake

of PSMA ligands. Thereby, PSMA as hydrolytical active enzyme could act as instru-

ment for on-site liberation of the respective inhibitor and yet serve as the target for

RLT of PCa. Non-target tissue accumulation would thus be reduced to a remarkably

low level, as binding of the masked inhibitor is only possible to enzymatically active

sites. Variations from the original PSMA substrate N-acetyl-L-aspartyl-L-glutamate

(NAAG), were recently published by Barinka et al. and Plechanovová et al. (Barinka

et al. 2002; Plechanovova et al. 2011) Thereof, Ac-L-Glu-L-Met and Ac-L-Asp-L-2-

Aoc showed turnover numbers (kcat) and cleavage efficiencies (kcat/Km) closest to

the respective values indicated for NAAG. For this reason, both glutamate surro-

gates, L-Met as well as L-2-Aoc were implemented into the existing structure of

PSMA-10 (1). They were linked to the α- or γ-carboxylate of the C-terminal glutamate, as

the preferred cleavage site could not be clearly specified upfront. Hydrolysis might occur

between α-linkages (NAALADase activity of GCP II in the central and peripheral nervous

system) or between γ-linkages (FOLH1 activity in the gastrointestinal tract) (Barinka et al.

2012). In addition, prodrug approaches focusing just on γ-linkages were adversely affected

by metabolic instability in human plasma (Mhaka et al. 2004).

PSMA-binding motifs with substituents & bioisosteres of the P1’-γ-carboxylic acid

Modifications at the P1’-γ-carboxylic acid moiety were preferred, as previous studies

conducted by Kozikowski et al. revealed substitutions at the P1’ glutamate to be more

tolerated at the γ-carboxylate than at the α-carboxylate (Kozikowski et al. 2004). More-

over, the P1’-γ-carboxylic acid possibly acts as the relevant recognition site for small

molecule/anion/glutamate transporter systems (Rousseau et al. 2018). Besides Kozi-

kowski et al., Wang et al. and Plechanovová et al. investigated the effect of carboxylic

acid bioisosteres and aliphatic substituents on the affinity of urea-based inhibitors to-

wards PSMA (Plechanovova et al. 2011; Wang et al. 2010). On the basis of these studies,

incorporation of the most auspicious carboxylic acid substituents was pursued.

All these modifications were investigated based on one of our recently developed PSMA

ligands, PSMA-10 (1) (Wurzer et al. 2020). In particular, a clear distinction between the

salivary gland uptake values of EuE- and non-EuE-based radioligands and higher tumor-

to-salivary gland ratios at 24 h p.i. in comparison to EuE-based PSMA-10 (1) were of pri-

mary interest. The latter might indicate for a possible transferability to humans, despite

certain species-dependent differences, i.e. a general lower uptake in mouse salivary glands

(Knedlik et al. 2017; Roy et al. 2020).

Methods
For detailed information on all methods for synthesis and analysis as well as on the

used instruments, see the ‘GENERAL INFORMATION’, ‘MATERIALS’ and

‘METHODS’ section in the supporting information (supplemental materials are

available on https://ejnmmipharmchem.springeropen.com).
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Chemical synthesis

The PSMA ligands were prepared via a mixed solid phase/solution-phase synthetic

strategy. Final purification of the compounds was achieved by RP-HPLC. For a detailed

description of the synthesis of PSMA derivatives 1–11 (free chelator forms) see the

‘METHODS’ section in the supporting information. Detailed natGa- and natLu-complex-

ation procedures as well as characterization of the resulting compounds are also pro-

vided in the ‘METHODS’ section in the supporting information. Schematic illustrations

of all PSMA derivatives (1–11) as well as the structural formula of the reference ligand

(((S)-1-carboxy-5-(4-(125Iodo) benzamido)pentyl)carbamoyl)-L-glutamic acid (([125I]I-

BA)KuE) are depicted in Figs. 1 and 2.

Radiolabeling
177Lu-labeling

Previously published procedures were applied with minor modifications for 177Lu-labeling

of DOTA-conjugated peptides (Weineisen et al. 2015; Sosabowski and Mather 2006).

5.00 μL of the precursor (0.20 mM in DMSO, 1.00 nmol, 1.00 eq.) was added to

10.0 μL of 1 M NaOAc buffer (aq.) (pH = 5.5). Subsequently, 14 to 65MBq

[177Lu]LuCl3 (As > 3000 GBq/mg, 740MBq/mL, 0.04 M HCl, ITG, Garching,

Germany) were added and the mixture was filled up to 100 μL with 0.04M HCl

(in Tracepur®-H2O). 10.0 μL of 0.1 M sodium ascorbate (aq.) (in Tracepur®-H2O)

were added and the reaction mixture was heated for 25 min at 70 to 95 °C. The

radiochemical purity (RCP) was determined using radio-RP-HPLC and radio-TLC.

Occasionally, purification by cartridge (HLB Plus Light, 30 mg) and radio-RP-HPLC

was necessary. For detailed procedures for each peptide, see the ‘METHODS’ sec-

tion in the supporting information.

Fig. 2 Detailed structures of the modified PSMA inhibitors investigated in this study, with (a) thioureate 2,
carbamate I & II (3 & 4) (b) proinhibitors I, II and III (5, 6 & 7) and (c) L-2-aminoheptanoic acid (8), furyl (9),
alkyne (10) and tetrazole (11) derivatives. All compounds are depicted in their free chelator form and
represent PSMA ligands containing modifications within the central Zn2+-binding unit (a), proinhibitor
motifs (b) and substituents & bioisosteres of the P1’-γ-carboxylic acid (c)
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Lipophilicity

The log D values were determined, using the shake-flask method as previously described

(Wurzer et al. 2020). The radiolabeled tracer (0.5–1MBq, 20 μL) was dissolved in 1mL of

a 1/1 mixture (v/v) of PBS (pH 7.4) and n-octanol in a reaction vial (n = 6). After vigorous

mixing of the suspension for 3min at r.t., the vial was centrifuged at 9000 rpm (ca.

7700×g) for 5min at room temperature (Heraeus Biofuge 15, Thermo Fisher Scientific,

Darmstadt, Germany) and 150 μL aliquots of both layers were measured in a ɣ-counter.

125I-labeling

The radioiodinated reference ligand ([125I]I-BA)KuE was synthesized in analogy to a

previously described method (Schmidt et al. 2018).

In vitro experiments

Cell culture

PSMA-positive LNCaP cells (300265; Cell Lines Service, Eppelheim, Germany) were

cultivated in Dulbecco’s modified Eagle medium/Nutrition Mixture F-12 with Gluta-

MAX (1/1, DMEM-F12, Thermo Fisher Scientific, Darmstadt, Germany) supplemented

with 10% fetal bovine serum (Merck KGaA, Darmstadt, Germany) and kept at 37 °C in

a humidified 5% CO2 atmosphere. One day (24 ± 2 h) prior to all in vitro experiments,

the cultivated LNCaP cells were harvested using a mixture of trypsin/ethylenediamine-

tetraacetic acid (0.05%/0.02%) in PBS (Thermo Fisher Scientific, Darmstadt, Germany)

and centrifuged at 1300 rpm (ca. 190×g) for 3 min at room temperature (Heraeus

Megafuge 16, Thermo Fisher Scientific, Darmstadt, Germany). After centrifugation, the

supernatant was disposed and the cell pellet was resuspended in culture medium. Cells

were counted with a Neubauer hemocytometer (Paul Marienfeld GmbH & Co. KG,

Lauda-Königshofen, Germany) and seeded in 24-well plates. IC50 values were deter-

mined by transferring 1.50 × 105 cells/mL per well into 24-well plates, whereas in-

ternalization was assessed by transferring 1.25 × 105 cells/mL per well into poly-L-

lysine (PLL)-coated 24-well plates.

Affinity determinations (IC50) and internalization studies

Detailed information on affinity and internalization experiments is provided in the sup-

porting information. In brief, competitive binding studies were determined on LNCaP

cells (1.50 × 105 cells in 1 mL/well) after incubation at 4 °C for one hour, using ([125I]I-

BA)KuE (0.20 nM/well) as the reference radioligand (n = 3). IC50 values of (
natI-BA)KuE

were determined on the same day for monitoring assay performance and to identify ab-

normal deviations in uptake and/or affinity. Only values for which the affinity of (natI-

BA)KuE was within a range of 3.95 ± 1.35 nM (n = 6) were considered. Internalization

studies of the radiolabeled ligands (1.0 nM/well) were performed on LNCaP cells

(1.25 × 105 cells in 1 mL/well) at 37 °C for one hour and accompanied by ([125I]I-

BA)KuE (0.20 nM/well), as reference ligand. Data were corrected for non-specific

binding and normalized to the specific internalization observed for the radioiodi-

nated reference compound (n = 3).
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In vivo experiments

All animal experiments were conducted in accordance with general animal welfare reg-

ulations in Germany (German animal protection act, as amended on 18.05.2018, Art.

141 G v. 29.3.2017 I 626, approval no. 55.2–1-54-2532-71-13) and the institutional

guidelines for the care and use of animals. To establish tumor xenografts, LNCaP cells

(approx. 107 cells) were suspended in 200 μL of a 1/1 mixture (v/v) of DMEM F-12 and

Matrigel (BD Biosciences, Heidelberg, Germany) and inoculated subcutaneously onto

the right shoulder of 6–8 weeks old CB17-SCID mice (Charles River Laboratories, Sulz-

feld, Germany). Mice were used for experiments when tumor size reached 5–10mm in

diameter (3–6 weeks after inoculation).

Biodistribution

Approximately 2–10MBq (0.20 nmol) of the 177Lu-labeled PSMA inhibitors were

injected into the tail vein of LNCaP tumor xenograft-bearing male CB17-SCID mice

(n = 3 to 5). They were sacrificed by CO2 asphyxiation and cervical dislocation either 1

h or 24 h post injection (p.i.) (n = 3 for [177Lu]Lu-5, -6 & -7 (proinhibitor compounds

I-III), n = 4 for [177Lu]Lu-10 (alkyne), n = 5 for [177Lu]Lu-3 (carbamate I) and n = 5 for

[177Lu]Lu-11 (tetrazole)). Selected organs were removed, weighed and organ activities

measured in a γ-counter.

Metabolite analysis

Detailed information on organ preparation and extraction procedures is provided in

the supporting information. In brief, [177Lu]Lu-11 (9.64MBq) was injected into the tail

vein of a LNCaP tumor xenograft-bearing CB17-SCID mouse. The animal was sacri-

ficed 1 h p.i. and subjected to the standard procedure for biodistribution studies. In

addition, urine was taken from all mice that were investigated in this experiment (8.4–

9.0MBq injected activity) and pooled (n = 5). Liver, tumor and kidneys were homoge-

nized with a MM-400 ball mill (Retsch GmbH, Haan, Germany) at 30 Hz for 20 min

and extracted with 1 mL radioimmunoprecipitation assay (RIPA) buffer containing

2 μmol of 2-(phosphonomethyl)pentane-1,5-dioic acid (2-PMPA). The suspension was

centrifuged (15,200 rpm, 10 min, 21 °C) and the supernatants were loaded onto a pre-

conditioned Strata-X cartridge (200 mg). Elution of the activity was conducted by

750 μL of MeCN/H2O (6/4, 0.1% TFA) and the extracts were analyzed via radio-RP-

HPLC. Prior to solid phase extraction, blood samples were centrifuged twice (13,000

rpm, 5 min) to separate the plasma from the blood cells. Urine samples were also cen-

trifuged (13,000 rpm, 5min) and the supernatant was directly analyzed via radio-RP-

HPLC.

μSPECT/CT imaging

Imaging experiments were conducted using a MILabs VECTor4 small-animal SPECT/

PET/OI/CT. The resulting data were analyzed by the associated PMOD (version 4.0)

software. Mice were anaesthetized with isoflurane and the 177Lu-labeled PSMA com-

pounds were injected via the tail vein. Mice were euthanized 1 h or 24 h p.i. by CO2 as-

phyxiation and cervical dislocation and blood samples for later biodistribution studies

or metabolite analysis were taken by cardiac puncture before image acquisition. Static
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images were acquired with 45min acquisition time using the HE-GP-RM collimator

and a step-wise multi-planar bed movement. All images were reconstructed using the

MILabs-Rec software (version 10.02) and a pixel-based Similarity-Regulated Ordered

Subsets Expectation Maximization (SROSEM) algorithm with a window-based scatter

correction (20% below and 20% above the photopeak, respectively). Voxel size CT:

80 μm, voxel size SPECT: 0.8 mm, 1.6 mm (FWHM) Gaussian blurring post processing

filter, with calibration factor in kBq/mL and decay correction, no attenuation

correction.

Results
Synthesis

PSMA ligands containing modified binding motifs (Fig. 2) were synthesized according

to known or modified organic chemical synthesis procedures. On-resin synthesis of

binding motifs was established and adjusted in individual cases (Schemes 1, 2 and 3).

Peptide chain elongation was performed according to standard solid-phase peptide syn-

thesis protocols for PSMA derivatives and optimizations concerning (radio)metal com-

plexation reactions were performed if necessary (Tables 1 and 2 in the supporting

information). The following sections cover the syntheses of compounds 2 to 11 (Fig. 2),

highlighting special synthetical aspects, improvements to already described procedures

as well as methods for preservation of the mandatory L-configuration of the PSMA-

binding motif during inhibitor modification.

Synthesis of PSMA derivatives containing modifications within the central Zn2+-binding

unit: thioureate 2, carbamate I (3) and carbamate II (4)

In order to accomplish substitution of the urea by a thiourea moiety, 1,1’-thiocarbonyl-

diimidazole was used instead of 1,1’carbonyldiimidazole (CDI) for the synthesis of

Scheme 1 General, simplified synthetic routes for the preparation of thioureate 2, carbamate I (3) and
carbamate II (4). Synthesis of the binding motif of thioureate 2 was conducted by a solid phase procedure,
whereas binding motifs 15 (carbamate I) and 17 (carbamate II) were obtained by solution phase synthesis
prior to coupling to compound 18. Detailed synthesis procedures are given in the supporting information
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Scheme 2 General, simplified synthetic routes for the preparation of proinhibitors I, II & III (5, 6 & 7).
Synthesis of the binding motif of proinhibitor I (5) was conducted by a solid phase procedure, whereas
binding motif 21 was obtained by a mixed solid/solution phase synthesis prior to coupling to compound
18. Compound 22 (proinhibitor III) could only be obtained by solution phase synthesis. Detailed synthesis
procedures are given in the supporting information

Scheme 3 General, simplified synthetic routes for the preparation of L-2-aha (8), furyl (9), alkyne (10) and
tetrazole (11) derivatives. Syntheses of the binding motifs of compounds 8 (L-2-aha), 9 (furyl) and 10
(alkyne) were conducted by a solid phase procedure, whereas binding motif 26 (tetrazole) was obtained by
solution phase synthesis prior to coupling to compound 18. Detailed synthesis procedures are given in the
supporting information
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compound 12. The binding motif was assembled by incubation of 12 with 2-CT (2-

chlorotrityl) resin-bound dipeptide H-L-Glu[D-Orn(Dde)-2-CT]-OtBu (13). This solid

phase approach was successfully implemented for the Glu-thiourea-Glu moiety and

transferred to further synthesis procedures of binding motifs in this study. Purified

thioureate 2 was directly complexed with natGa3+ for in vitro studies.

In contrast to thioureate 2, syntheses of the PSMA-binding moieties of carbamate I

(15) and carbamate II (17) were performed completely by a solution phase strategy. All

synthesis steps towards compound 15 and 17, starting from enantiopure (S)-5-oxotetra-

hydrofuran-2-carboxylic acid, focused on conditions to ensure and maintain L-

configuration of the entire PSMA-binding motif (Zhang et al. 2009; Shin et al. 2000;

Weineisen et al. 2014; Yang et al. 2016). By introduction of different protective groups

(tert-butyl or benzyl) at the γ-carboxylate of compounds 14 and 16, accommodation of

the carbamate oxygen either within the S1’ or S1 pocket of PSMA is already defined.

Carbamate I (3) was complexed with natGa3+, natLu3+ and [177Lu]Lu3+ for in vitro and

in vivo studies, whereas carbamate II (4) was complexed with natGa3+ and evaluated

solely in in vitro studies.

Synthesis of proinhibitors I, II & III (5, 6 & 7)

Dipeptide H-L-Glu(L-Met-OtBu)-OtBu (19) was generated in solution and further

coupling to resin-bound compound 20 provided the tris-tBu-protected proinhibitor I

binding motif, which afforded product 5 after on-resin elongation. Functionalization of

resin-bound dipeptide 13 (H-L-Glu[D-Orn(Dde)-2-CT]-OtBu) to yield its carbonylimi-

dazole derivative 20 was required, as functionalization of dipeptide 19 with CDI was

not successful. Dimerization as a competing reaction was more favored and hence, only

the urea-conjugated dimer of 19 could be isolated after this attempt (unpublished ob-

servations). Notably, carbonylimidazole functionalization of resin-bound peptide 13

worked properly in this approach, as a certain distance to the resin anchor (2-chlorotri-

tyl group) was preserved. In contrast, this functionalization did not work at the first 2-

CT resin-bound amino acid, provided that it was coupled to the resin by its α-

carboxylate (unpublished observations). Proinhibitor I (5) was complexed with natLu3+

and [177Lu]Lu3+ for in vitro and in vivo studies.

Synthesis of the binding motif of proinhibitor II (21) was accomplished via a mixed

solid/solution phase strategy, starting with resin-bound Fmoc-L-2-aminooctanoic acid

(Fmoc-L-2-Aoc-OH). After multiple steps, compound 21 was obtained, suitable for

coupling to resin-bound H-D-Orn(Dde) (18). Subsequent on-resin elongation afforded

proinhibitor II (6), which was complexed with natLu3+ and [177Lu]Lu3+ for in vitro and

in vivo studies.

In analogy to proinhibitor I (5), on-resin synthesis of the binding motif was also pur-

sued for proinhibitor III (7). However, in contrast to the procedure for proinhibitor I,

the starting dipeptide for proinhibitor III (H-L-Glu(OtBu)-L-2-Aoc-OtBu) did not react

and only on-resin urea-conjugated dimerization of peptide 20 was detected (unpub-

lished observations). Therefore, the strategy was changed to solution phase synthesis to

obtain tris-tBu-protected binding motif 22. Coupling to 18 and subsequent on-resin

elongation afforded proinhibitor III (7), which was complexed with natLu3+ and

[177Lu]Lu3+ for in vitro and in vivo studies.
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Synthesis of PSMA-binding motifs with substituents & bioisosteres of the P1’-γ-carboxylic

acid: L-2-aminoheptanoic acid (2-aha) (8), furyl (9), alkyne (10) and tetrazole (11)

derivatives

Reactants 23 and 24 were generated in solution, using the respective amino acid and

tert-butyl acetate, according to a previously published procedure by Hyun et al. with

some minor modifications (Hyun et al. 2010). This strategy was used to assure esteri-

fication of the carboxylic acid moiety only, with no unwanted alkylation/carbama-

tion at the free primary amine. O-tert-butyl-N,N′-diisopropylisourea could not be

used in this case, as its usage would have led to simultaneous alkylation of the free

primary amine (Mathias 1979). Coupling of 23/24 with resin-bound 20 provided

an alkane-/furyl-functionalized binding motif, which then afforded product 8/9

after on-resin elongation. Both, L-2-aminoheptanoic acid derivative 8 as well as

was furyl derivative 9 were complexed with natLu3+ for in vitro studies.

Reactant 25 was commercially available and used directly for on-resin coupling

with compound 20. Subsequent peptide chain elongation afforded alkyne derivative

10, which was complexed with natLu3+ and [177Lu]Lu3+ for in vitro and in vivo

studies.

Synthesis of the tetrazole bioisostere was successfully accomplished following a mul-

tiple step procedure described by Kozikowski et al. (Kozikowski et al. 2004) Binding

motif 26 was completed by a solution phase strategy. All synthesis steps, starting from

enantiopure N-Cbz-L-Glu-OtBu, focused on conditions to ensure and maintain L-

configuration of the entire PSMA-binding motif (Kozikowski et al. 2004; Weineisen

et al. 2014). After coupling to resin-bound 18 and further peptide chain elongation,

tetrazole derivative 11 was obtained and complexed with natLu3+ and [177Lu]Lu3+ for

in vitro and in vivo studies.

Cold metal complexation and radiolabeling

Cold metal complexation with molar excess of Ga(NO3)3*6 H2O (3.50-fold molar ex-

cess) or LuCl3 (6-fold molar excess) led to formation of the respective natGa/natLu-

PSMA ligands. Purification of the crude natGa-ligand was performed by RP-HPLC.
natLu-complexation mixtures (0.5–1.0 mM in DMSO/H2O = 1/1) were directly used as

stock solutions for affinity determination, as chemical purity was always > 92%. Reac-

tion conditions, chemical purities and yields of the investigated natGa- and natLu-PSMA

ligands are given in the supporting information (Table 1).

Radiolabeling ([177Lu]Lu3+) was performed using manual procedures and radio-

chemical purity (RCP), as determined by radio-RP-HPLC and radio-thin-layer chro-

matography was 96.4 ± 2.2% (n = 16) with exception of proinhibitor I (5) (89.3 ±

1.9% RCP, n = 4). In case of incomplete complexation, removal of free [177Lu]Lu3+

via HLB cartridge (30 mg) was performed. Moreover, in case of proinhibitor I,

radioactive by-products were tried to remove by preparative radio-RP-HPLC. Reac-

tion conditions, isolated radiochemical yields (RCY), apparent molar activities (Am)

at the end of synthesis and purification, the range of used activities as well as

radiochemical purities (RCP) are given in the supporting information (Table 2).

Detailed synthesis procedures for cold metal complexation and radiolabeling are

described in the ‘METHODS’ section in the supporting information.
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In vitro characterization

PSMA affinity

Binding to PSMA was determined using LNCaP human prostate cancer cells in a com-

petitive binding assay with natGa or natLu complexes of compounds 2 to 11. For com-

parison, IC50 values of natLu-PSMA-10 (natLu-1) (2.8 ± 0.5 nM) were also determined.

The results show loss of affinity to a varying extent for all modifications differing from

glutamate at P1’ position (Table 1). Only natLu-3 (carbamate I) and natLu-11 (tetrazole

derivative) still exhibited high affinity (7.1 ± 0.7 nM and 16.4 ± 3.8 nM, respectively) to-

wards PSMA-expressing LNCaP cells.

Internalization

LNCaP cells were used to investigate internalization of the 177Lu-labeled compounds 1,

3, 5, 6, 7, 10 and 11. No internalization studies were performed on thioureate 2, carba-

mate II (4), L-2-aminoheptanoic acid derivative 8 and furyl derivative 9, as these candi-

dates were excluded due to poor IC50 data. Normalized to the uptake of ([125I]I-

BA)KuE, the results in Table 1 show that all modified compounds exhibited signifi-

cantly lower values in comparison to [177Lu]Lu-PSMA-10 ([177Lu]Lu-1) (177 ± 15%).
natLu-3 (carbamate I) displayed an internalization of 67.8 ± 0.5% compared to ([125I]I-

BA)KuE and hence, showed highest internalization of all modified inhibitor derivatives.

For [177Lu]Lu-10 (alkyne) and [177Lu]Lu-11 (tetrazole), both lacking a glutamate moiety

Table 1 PSMA-binding affinities (IC50), internalization (%) and lipophilicity (log D) of the
investigated compoundsa

PSMA inhibitor IC50 %Internalization compared to the referenceb log D
natLu/[177Lu]Lu-1 2.8 ± 0.5 nM 1 h: 177 ± 15 −3.78 ± 0.01
natGa-2 > 3 μM (n = 2) n.d. n.d.
natGa-3 21.3 ± 1.7 nM n.d. n.d.
natLu/[177Lu]Lu-3 7.1 ± 0.7 nM 1 h: 67.8 ± 0.5 − 3.40 ± 0.45
natGa-4 > 1 μM

(n = 2)
n.d. n.d.

natLu/[177Lu]Lu-5 26 ± 16 μM 0.5 h: 0.00 ± 0.00
1 h: 0.00 ± 0.00
2 h: 0.17 ± 0.32
4 h: 0.01 ± 0.05

−2.89 ± 0.18

natLu/[177Lu]Lu-6 2.5 ± 1.2 μM 0.5 h: 0.00 ± 0.00
1 h: 0.00 ± 0.10
2 h: 0.03 ± 0.03
4 h: 0.01 ± 0.06

−2.52 ± 0.22

natLu/[177Lu]Lu-7 6.3 ± 3.6 μM 0.5 h: 0.00 ± 0.00
1 h: 0.00 ± 0.00
2 h: 0.00 ± 0.00
4 h: 0.00 ± 0.00

−2.37 ± 0.22

natLu-8 > 2 μM (n = 2) n.d. n.d.
natLu-9 > 440 nM (n = 2) n.d. n.d.
natLu/[177Lu]Lu-10 138 ± 53 nM 1 h: 1.2 ± 0.4 − 2.83 ± 0.08
natLu/[177Lu]Lu-11 16.4 ± 3.8 nM 1 h: 9.9 ± 3.2 − 2.91 ± 0.05
aBinding assays (IC50) were performed using LNCaP cells (150,000 cells/well) and ([125I]I-BA)KuE (c = 0.2 nM) as
radioligand. Cells were incubated in HBSS (1% BSA) at 4 °C for 1 h. bInternalization values were corrected for unspecific
binding and normalized to the external reference ([125I]I-BA)KuE (13.0 ± 2.5% internalization at 1 h (n = 21), c = 0.2 nM; 1.0
nM for 177Lu-compounds; 37 °C, 1 h, 125,000 cells/well, PLL-coated plates). Data for binding (IC50) and internalization are
expressed as mean ± SD (n = 3) unless otherwise stated. Data are expressed as mean ± SD (n = 6) for log D
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at the P1’ position, only weak internalization was detected (1.2 ± 0.4% and 9.9 ± 3.2%

compared to the reference, respectively). For all proinhibitor motifs internalization

studies were conducted prior to any affinity determination, in order to investigate pos-

sible substrate cleavage kinetics. Internalization at 37 °C was determined at several time

points of 0.5 h, 1 h, 2 h and 4 h. All in all, no internalization at any time point could be

detected.

Lipophilicity

In analogy to internalization studies, log D values were determined for 177Lu-labeled

compounds 1, 3, 5, 6, 7, 10 and 11 (Table 1). Within the proinhibitor subgroup,

methionine-functionalized derivative 5 displayed the most hydrophilic character with a

log D value of − 2.89 ± 0.18. Moreover, [177Lu]Lu-3 (carbamate I) represents the most

hydrophilic compound of all modified PSMA inhibitors (log D = − 3.40 ± 0.45),

comparable to [177Lu]Lu-1 (log D = − 3.78 ± 0.01).

In vivo characterization

Biodistribution and μSPECT/CT imaging

[177Lu]Lu-5, -6 and- 7 (proinhibitors I-III) were evaluated (n = 3) in tumor-bearing CB-

17 SCID mice prior to any affinity measurement. However, in vivo data in general

reflected the low internalization values for all proinhibitors, with a maximum tumor ac-

cumulation of 0.33 ± 0.11% ID/g for [177Lu]Lu-6 (proinhibitor II) and a minimum

tumor accumulation of 0.09 ± 0.02% ID/g for [177Lu]Lu-5 (proinhibitor I) as depicted in

Fig. 3. Furthermore, non-target tissue uptake was on the scale of [177Lu]Lu-PSMA-10

([177Lu]Lu-1) or even higher.

For further in vivo studies, derivatives with medium to high affinity were chosen (i.e.

[177Lu]Lu-3, -10 and -11) (Fig. 4). For all modified peptides, a distinctly lower tumor

accumulation (0.10 to 1.20% ID/g) at 24 h p.i. in comparison to the original [177Lu]Lu-

PSMA-10 compound (9.82 ± 0.30% ID/g) could be observed with unchanging salivary

gland uptake. Apparently, tumor-to-submandibular gland and tumor-to-parotid gland

ratios (Fig. 5) declined by a factor of 8 for [177Lu]Lu-11 (tetrazole) up to a factor of 45

for [177Lu]Lu-10 (alkyne). However, salivary gland uptake in general stayed at an

equally low level for all EuE- and non-EuE-based inhibitor motifs (between 0.02 ±

0.00% ID/g and 0.09 ± 0.03% ID/g). Residual tumor-to-tissue ratios observed for

[177Lu]Lu-3, -10 and -11 were markedly lower than for [177Lu]Lu-PSMA-10 (Fig. 5).

Tumor-to-tissue ratios of proinhibitors were not determined, as uptake in tumor xeno-

grafts was very low (≤ 0.33 ± 0.11% ID/g) (Fig. 3), with no significant change in kidney

accumulation or other non-target tissues.

Tumor uptake for [177Lu]Lu-3 (carbamate I) and -11 (tetrazole) was also analyzed 1 h

p.i. and compared to [177Lu]Lu-1 (Table 4 in the supporting information). At this early

time point, tumor accumulation of [177Lu]Lu-3 was already only about half of the up-

take obtained for [177Lu]Lu-1 (5.31 ± 0.94% ID/g for [177Lu]Lu-3 vs. 12.2 ± 1.8% ID/g

for [177Lu]Lu-1). [177Lu]Lu-11 showed even lower tumor uptake (3.40 ± 0.63% ID/g).

Kidney uptake was distinctly lower for both substances (61.8 ± 25.9% ID/g for

[177Lu]Lu-3 and 33.2 ± 3.8% ID/g for [177Lu]Lu-11 vs. 173 ± 56% ID/g for [177Lu]Lu-1)

but activity accumulation in all other non-target tissues stayed in the same range.
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Fig. 3 Biodistribution data (% ID/g) of [177Lu]Lu-PSMA-10 ([177Lu]Lu-1), [177Lu]Lu-5, [177Lu]Lu-6 and
[177Lu]Lu-7 in tumor xenograft-bearing CB17-SCID mice at 24 h p.i. (n = 2 for [177Lu]Lu-5*, n = 3 for
[177Lu]Lu-6 and [177Lu]Lu-7 and n = 5 for [177Lu]Lu-PSMA-10 ([177Lu]Lu-1)). Submandibular and parotid
glands were dissected separately and their values are depicted in the columns ‚GL. SUBMAND.‘and ‚GL.
PAROTIDEA‘, respectively. *Ingestion of radioactively contaminated animal feed led to putative high
activities in stomach and intestine, therefore excluding all values of mouse 3

Fig. 4 Biodistribution data (% ID/g) of [177Lu]Lu-PSMA-10 ([177Lu]Lu-1), [177Lu]Lu-3, [177Lu]Lu-10 and
[177Lu]Lu-11 in tumor xenograft-bearing CB17-SCID mice at 24 h p.i. (n = 4 for [177Lu]Lu-10 and n = 5 for all
other experiments). Submandibular and parotid glands were dissected separately and their values are
depicted in the columns ‚GL. SUBMAND.‘and ‚GL. PAROTIDEA‘, respectively
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Interestingly, salivary gland uptake of both peptides was found to be distinctly higher at

1 h p.i. (between 0.37 ± 0.08% ID/g and 0.62 ± 0.20% ID/g) than at 24 h p.i. (Tables 3

and 4 in the supporting information). This resulted in two-fold lower tumor-to-

submandibularis and -parotidea ratios of [177Lu]Lu-3 and -11 at 1 h p.i. compared to

their respective values at 24 h p.i. (Tables 5 and 6 in the supporting information).

For visualization of the biodistribution data, maximum intensity projections (MIPs)

of μSPECT/CT scans in LNCaP xenograft-bearing mice, acquired 24 h p.i. of [177Lu]Lu-

3, [177Lu]Lu-6, [177Lu]Lu-7, [177Lu]Lu-10, [177Lu]Lu-11 and [177Lu]Lu-1 ([177Lu]Lu-

PSMA-10) are depicted in Fig. 6. Arrows indicate apparent tumor uptake of [177Lu]Lu-

3, [177Lu]Lu-11 and [177Lu]Lu-1.

Metabolite analysis

Besides biodistribution and μSPECT/CT studies, [177Lu]Lu-11 (tetrazole) was analyzed

according to its metabolic stability 1 h p.i. Relevant dissected organs (tumor, kidney,

liver) and body fluids (blood and urine) were collected, homogenized if necessary and

subjected to extraction of the incorporated activity. Tissue extracts were analyzed by

radio-RP-HPLC at a predefined gradient (25–40% MeCN (0.1% TFA) in 20min), for

which the retention time (18.3 min) of the intact cold standard (natLu-11) was pre-

viously determined and hence, served as a reference. Only one metabolite with

higher hydrophilicity was detected in tumor (7.1%), blood (8.5%) and kidney

(11.7%), with the maximum percentage of metabolite amount found in the urine

(18.7%). This metabolite was not detectable in the liver homogenate, instead a

more lipophilic metabolite was observed at tR = 20.5 min (28.0%). The respective

radio-RP-HPLC analyses of extracts from homogenized organs and body fluids are

depicted in Figure 1 in the supporting information.

Fig. 5 Tumor-to-tissue ratios of [177Lu]Lu-PSMA-10 ([177Lu]Lu-1), [177Lu]Lu-3, [177Lu]Lu-10 and [177Lu]Lu-11
in selected organs at 24 h p.i. (n = 4 for [177Lu]Lu-10 and n = 5 for all other experiments)
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Discussion
With the aim to develop radiolabeled small molecule-based PSMA inhibitors with re-

duced non-target tissue uptake in patients, especially in salivary and lacrimal glands,

several modified PSMA-10 ligands were prepared and further evaluated in vitro and

in vivo. Comparison of salivary gland uptake values at 24 h p.i. should give a first indi-

cation whether a clear distinction of modified PSMA (pro)inhibitors from classical L-

Glu-urea-X binding motifs could be provided by this animal model, established in our

group for preclinical evaluation of PCa radiotherapeutics.

Synthesis

For all peptides, the starting material as well as further synthetical procedures were ad-

justed in order to preserve L-configuration of the inhibitor motif, since high affinity

binding to PSMA basically depends on steric orientation (Barinka et al. 2019; Ferraris

et al. 2012). The introduction of different protective groups (tert-butyl or benzyl) at the

γ-carboxylate of the carbamate-oxygen-bearing moiety was of utmost importance for

both carbamates I & II (3 & 4). These steps, already conducted at an early stage of syn-

thesis, were crucial for determination of carbamate orientation.

On-resin synthesis of the binding motif was first established for thioureate 2 and sim-

plified the reaction process significantly. In contrast to L-Glu-urea-L-Lys binding motifs

(Mosayebnia et al. 2018), PSMA inhibitor motifs based on L-Glu-urea-L-Glu were syn-

thesized exclusively in solution in previously published attempts (Wurzer et al. 2020;

Fig. 6 Maximum intensity projections (MIPs) of μSPECT/CT scans in LNCaP xenograft-bearing mice, acquired
24 h p.i. of (a) [177Lu]Lu-3 (carbamate I) (3.2 MBq) (b) [177Lu]Lu-6 (proinhibitor II) (5.3 MBq) (c) [177Lu]Lu-7
(proinhibitor III) (4.5 MBq) (d) [177Lu]Lu-10 (alkyne) (9.7 MBq) (e) [177Lu]Lu-11 (tetrazole) (7.0 MBq) (f)
[177Lu]Lu-PSMA-10 (1) (2.8 MBq). For clear comparison, all images were scaled to the same maximum
uptake value (2.5% ID/mL). Arrows indicate apparent tumor uptake in (a), (e) and (f). No μSPECT/CT image is
displayed for [177Lu]Lu-5 (proinhibitor I), as ingestion of radioactive animal feed led to putative high
activities in stomach and intestine. Therefore, all values of this mouse (= mouse 3) from the respective
biodistribution study and also its μSPECT/CT image were excluded. Static images were acquired post
mortem (CO2 asphyxiation and cervical dislocation) and after cardiac puncture with an acquisition time of
45min. Further biodistribution studies were performed after the scan and included in the calculation of %
ID/g values provided by Figs. 3 and 4 within this manuscript and Table 3 in the supporting information
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Robu et al. 2018; Lu et al. 2013; Kularatne et al. 2009). Related time- and substance-

consuming steps (purification, removal of an orthogonal protective group at P1 pos-

ition, etc.) could be avoided by this on-resin method. Hence, this strategy was also used

for the synthesis of subsequent derivatives (proinhibitor I (5), L-2-aha derivative 8, furyl

derivative 9 and alkyne derivative 10). Moreover, it might serve as a general procedure

for the preparation of L-Glu-urea-L-Glu-based PSMA inhibitors.

Syntheses of the binding motifs of proinhibitors 5–7 had to be adjusted due to

unreactive starting material or unwanted dimerization reactions. In addition, recur-

ring methionine oxidation resulted in low overall yields (0.08%) for proinhibitor I

(5) after RP-HPLC purification.

Cold metal complexation and radiolabeling

In general, all derivatives containing modifications within the Zn2+-binding unit showed

enhanced formation of intramolecular condensation by-products during complexation

(unpublished observation). Therefore, all nat/177Lu-complexation reactions of 3 were

performed at 70 °C, as formation of unwanted by-products could be almost completely

reduced. Oxidation tendency for proinhibitor I (5) remained at 177Lu-labeling and also

during radio-RP-HPLC purification, which impeded the preparation of products with

RCP higher than 90%, even at lower temperatures (70–80 °C).

In vitro & in vivo characterization

Though IC50 and lipophilicity data of carbamate I (3) were comparable to [177Lu]Lu-

PSMA-10 ([177Lu]Lu-1), internalization was distinctly lower (67.8 ± 0.5% for [177Lu]Lu-

3 vs. 177 ± 15% for [177Lu]Lu-1), which might explain decreased tumor accumulation at

1 h and 24 h p.i. However, low internalization may not be the only reason for decreased

tumor uptake. As observed for SST2 antagonists, high tumor uptake can also be

reached with a negligible capacity to internalize (Dude et al. 2017). A two-fold lower

tumor accumulation compared to [177Lu]Lu-1 already 1 h p.i. (5.31 ± 0.94% ID/g) in

combination with a rapid decline to 1.20 ± 0.55% ID/g at 24 h p.i., led to the assumption

that in vivo decomposition of the inhibitor motif might have generated a non-PSMA-

binding ligand, resulting in fast renal excretion (0.31 ± 0.05% ID/g for [177Lu]Lu-3 vs.

1.97 ± 0.78% ID/g for [177Lu]Lu-1, 24 h p.i.). Applications of carbamate-based prodrugs,

liberating the biologically active substance by in vivo hydrolysis, support this theory

(Ghosh and Brindisi 2015).

Similar in vitro results as obtained for carbamate I and II were reported by Yang

et al. and Barinka et al. (Yang et al. 2016; Barinka et al. 2019) These observations

emphasize the necessity of a hydrogen bond donor at the (non-pharmacophore) P1

position and provide a certain flexibility within the pharmacophore S1’ subpocket.

Since thioureate derivative 2 revealed sulfur to be less tolerated inside the binding

pocket, it was assumed that thiourethane derivatives (= combination of carbamate I or

II with thioureate) would also lead to poor results. In consequence, their synthesis was

not further pursued.

For all proinhibitors, internalization studies were conducted first in order to investi-

gate possible substrate cleavage kinetics. Since no internalization could be detected at

any time point (0.5 h, 1 h, 2 h and 4 h) for [177Lu]Lu-5, - 6 or - 7 (Table 1), it was
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assumed that no cleavage occurred under these conditions. As we suggested that

cleavage of the proinhibitor motifs might be strongly dependent on the tumor cells’

microenvironment, in vivo studies were directly conducted after internalization experi-

ments. With a maximum tumor accumulation of 0.33 ± 0.11% ID/g for [177Lu]Lu-6

(proinhibitor II) and a minimum tumor accumulation of 0.09 ± 0.02% ID/g for [177Lu]Lu-

5 (proinhibitor I), all investigated proinhibitors showed very low ability to bind to PSMA-

expressing tumors (24 h p.i.), as depicted in Fig. 3. Furthermore, non-target tissue uptake

was on the scale of [177Lu]Lu-PSMA-10 ([177Lu]Lu-1), wherefore no tumor-to-tissue ra-

tios were calculated. It was assumed that proinhibitor cleavage probably did not occur in

in vitro and in vivo experiments, due to the low (micromolar) affinities of these conjugates

determined by additional competitive binding experiments (Table 1). For this reason, syn-

thesis and evaluation of proinhibitor IV (= methionine at the α-carboxylate) was aban-

doned, as no positive results were expected.

As presumed for the tetrazole moiety (Herr 2002), in vitro studies confirmed a

slightly increased lipophilicity for [177Lu]Lu-11 (~ 7.4-fold increase compared to

[177Lu]Lu-1). A noticeable decreased internalization of [177Lu]Lu-11 (9.9 ± 3.2%) with

concomitant high affinity (16.4 ± 3.8 nM) did not lead to favorable in vivo results. As

the metabolite proportion was rather low in tumor tissue (7.1%) and circulating blood

(8.5%), low retention of [177Lu]Lu-11 within the LNCaP tumor xenograft at 1 h p.i. can-

not be attributed to severe metabolic instability. Therefore, poor in vivo performance at

1 h p.i. (3.40 ± 0.63% ID/g) as well as at 24 h p.i. (0.68 ± 0.16%ID/g,) was mainly

assigned to the overall lower internalization in combination with the decreased hydro-

philicity and affinity and of the final ligand.

Low accumulation of alkyne derivative [177Lu]Lu-10 in tumor tissue (0.10 ± 0.03%

ID/g, 24 h p.i.) as well as weak internalization (1.2 ± 0.4% compared to the reference)

could be attributed to the medium affinity of natLu-10 (138 ± 53 nM).

Apparently, tumor-to-submandibular and tumor-to-parotid gland values of

[177Lu]Lu-3 both decreased by a factor of 8 when compared to [177Lu]Lu-1. An

even higher decrease (16 to 20 times lower) was observed for [177Lu]Lu-11 (tetra-

zole) and the alkyne analog [177Lu]Lu-10, which exhibited the lowest tumor-to-

salivary gland ratios (39–45 times lower than for [177Lu]Lu-1) (Fig. 5). However,

reduced tumor-to salivary gland values at 24 h p.i. in comparison to reference com-

pound [177Lu]Lu-1 were found to be mainly induced by the decreased tumor accu-

mulation rather than by an altered salivary gland uptake (Fig. 4 in this manuscript

and Table 3 in the supporting information). Salivary gland uptake values of EuE-

and non-EuE-based ligands ranged between 0.02 ± 0.00% ID/g and 0.09 ± 0.03% ID/

g and hence, revealed no significant difference. At least for EuE-based reference

[177Lu]Lu-1 a higher activity accumulation was expected, which in turn accounts

for a certain unsuitability of this animal model concerning the development of li-

gands for RLT with reduced salivary gland uptake (discussed in more detail in

‘Critical assessment of the animal model’).

High IC50 values led to cessation of further in vitro and in vivo investigations for

thioureate 2, carbamate II (4), L-2-aha derivative 8 and furyl derivative 9. Theoretically,

a multitude of other substituents as P1’-γ-carboxylic acid bioisosteres might be

conceivable (Lassalas et al. 2016). IC50 data of the respective PSMA ligands can

give a first indication whether further in vitro and in vivo investigations are
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rational. However, a successful transfer of promising in vitro results to the in vivo

situation cannot be guaranteed, as demonstrated by carbamate I (3) and tetrazole

derivative 11.

Critical assessment of the animal model

Activity uptake in the salivary glands of mice was found to be constantly at a very low

level (between 0.02 ± 0.00% ID/g and 0.09 ± 0.03% ID/g) irrespective of the use of EuE-

(1) or non-EuE-based (3, 5, 6, 7, 10, 11) PSMA ligands (Fig. 4 in this manuscript and

Table 3 in the supporting information). The low overall tracer uptake in salivary glands

at 24 h p.i. might indicate for a rather unspecific accumulation and that species-

dependent differences possibly not allow for a similar radioligand uptake as observed in

humans (Knedlik et al. 2017; Roy et al. 2020). Possibly only early time points (e.g. 1 h

p.i.) enable a clear distinction. For future studies, the currently used animal model

should be re-evaluated at different time points by examination of the salivary gland up-

take of [68Ga]Ga-PSMA-11 or [177Lu]Lu-1 and possible blockable tracer accumulation

when monosodium glutamate is pre-administered (Rousseau et al. (Rousseau et al.

2018)). An alternative animal model should be envisaged if radioligand uptake emerges

to be non-blockable or if again low overall tracer uptake does not allow for a proper

discrimination. Re-evaluation of high affinity compounds [177Lu]Lu-3 and [177Lu]Lu-11

in an optimized animal model remains questionable or even inappropriate, due to their

low accumulation at 24 h p.i. in tumor xenografts (1.20 ± 0.55% ID/g for [177Lu]Lu-3

and 0.68 ± 0.16%ID/g for [177Lu]Lu-11) which clearly emphasizes their unsuitability for

RLT in PCa patients.

Critical assessment of the rationale for inhibitor modification

PSMA ligands containing modifications within the inhibitor motif (like in compounds

2 to 11) might be overestimated if considered as the sole strategy for reduction of non-

target tissue uptake in PCa patients. Although small molecule/anion/glutamate trans-

porter systems were proposed for non-target tissue accumulation (Rousseau et al.

2018), the exact mechanism of how monosodium glutamate affects non-target binding

of radiolabeled PSMA inhibitors remains still unknown. This effect could also originate

from differences in physiological pH of healthy salivary gland parenchyma and poorly

differentiated tumor tissue and/or tumor-associated stroma (Warburg effect) (Vāvere

et al. 2009). Previous Western blot analyses have shown a variation of the PSMA pro-

tein within the salivary glands by 20 kDa (in total: 120 kDa; PSMA of LNCaP cell ex-

tracts: 100 kDa) (Troyer et al. 1995). Additionally, genetic analyses revealed mRNA

expression of PSMA in salivary glands (Israeli et al. 1994; O'Keefe et al. 2004). Post-

translational modified versions of PSMA (e.g. different glycosylation pattern, otherwise

than on PCa) on the surface of salivary gland cells might serve as a reasonable concept

for integrating all these contradictory findings (Troyer et al. 1995; Barinka et al. 2012).

Binding of antibodies that are highly specific towards epitopes of PCa-related PSMA

(intra- or extracellular) would not be possible in this case (Rupp et al. 2019; Horosze-

wicz et al. 1987; Lopes et al. 1990; Bander et al. 2005). By contrast, small molecule li-

gands would still be able to bind, as their binding mechanism is probably not affected
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by posttranslational changes at the surface of the protein. Modifications within the

ligand structure would hence result in no benefit.

Furthermore, inconsistent in vitro results concerning the binding of PSMA-specific

mAbs to salivary gland tissue are still present (Rupp et al. 2019; Wolf et al. 2010). This

indicates that not enough fundamental research was performed yet to provide a clear

statement of PSMA expression on salivary gland parenchyma. As long as there is no re-

liable information concerning this issue, further investigations on ligand modifications

might be dispensable.

Conclusions
No modified inhibitor structure was found to be able to compete with favorable in vivo

characteristics of EuE-based PSMA inhibitor [177Lu]Lu-PSMA-10. In consequence, the

development of further strategies to minimize radioligand uptake in salivary glands

should be envisaged.
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